A high degree of deactivation of glass and fused-silica capillary column walls is attainable by means of high temperature silylation (HTS) with or without a preceding leaching process. HTS with a phenyl containing disilazane, diphenyltetramethyldisilazane (DPTMDS), and polydimethylsiloxane (PDMS) are studied onCab-O-Sil,afumedsilica,asamodelsubstrate.Using29SiCP-MAS NMR, it was shown that no dirnethylsiloxane chains were formed upon silylation with DPTMDS under different conditions of humidity and stoichiometry at 377OC. With DPTMDS deactivation it is possible that amino trisiloxy silane groups areformed, these groups add extra activity to the surface. Silylation with a PDMS, OV 101, at various temperatures between 30Oo42O0C did show that dimethylsiloxane chains were bonded at the surface. Using the 29Si CP-MAS NMR technique with variable contact times to reveal siloxy group mobility, the degradation of dimethylsiloxane chains at the surface was studied. PDMS degradation at an optimal temperature gives a more effective diminuation of the silane activity caused by chemical reaction with thesilanolgroupsandtheeffectivescreeningof theremaining silanol groups with anchored polydimethylsiloxane chains and small cyclodimethylsiloxane ring structures at the surface.
Introduction
A number of silylation reagents have been reported in the literature for the deactivation of the innerwall of fused silica columns in gas chromatography under widely different conditions at temperatures above 3OO0C, resulting in deactivating layers of various nature [1, 2] . Here, two different widely applied deactivation mechanisms are studied on Cab-0-Sil, a vitreous quartz. The two silylation methods compared are a deactivation by a phenyl containing disilazane, 1, 1, 3, , introduced by Grob et a/. [3] and a deactivation by degradation of polydimethylsiloxane [PDMS] , introduced by Schomburg et al. [4, 5] .
The mechanism of the HTS reaction with phenyldisilazanes was studied previously in our laboratory . The main result was that at relatively mild, dry conditions (T= 35OOC) benzene was released selectively from the silane moieties at the surface.
In 1981, LiY F. eta/, [9] studiedtheuseofshort(cyclic)alkyl polysiloxanes, which not only reacted with active silanol groups at the surface, but also masked the remaining silano1 groups through the formation of short, bridged, surfaceanchored dimethylsiloxane chains. The formation of loop structures by the dimethylsiloxanes at the silica surface might therefore improve the deactivation.
Recently, Reiher [lo] suggested that dimethylsiloxane chains were formed at the silica surface from phenyl containing silazanes by reaction of initially formed aryldimethylsiloxy silanes with water liberated from the surface (see Figure 1) . The dimethylhydroxysiloxysilane would then react further with the excess of silazane forming short chains consisting of a few dimethylsiloxane units and terminated with an aryldimethylsiloxy silane. In this way, the mechanisms of HTS with phenyl-containing disilazanes and polysiloxanes would be intertwined. It was assumed that the presence of water at the surface favors the formation of these (short) dimethylsiloxane chains, which would explain both the relatively easy loss of benzene and the high critical surface tension using an excess of DPTMDS.
In order to test this hypothesis, the silylation of Cab-0-Sil with DPTMDS was carried out at 377OCfor 16 h underdifferent conditions of humidity and stoichiometry: two different Cab-0-Sit batches were used, an extremely dry Cab-0-Sit and a humid Cab-0-Sil conditioned over asaturated potassium bromide solution for a period of several months. The latter batch of Cab-0-Sil contained 5.5 w/w% of water. The amounts of DPTMDS added to both the Cab-0-Sil batches were either stoichiometric amounts of silylation reagents or ten times the stoichiometric ratio.
For reasons of comparison also silylation by polysiloxane degradation of PDMS at a number of temperatures, between 300°C and 42OOC for 16 h, on dried Cab-0-Sil is studied. With 29Si CPMAS NMR and 29Si Bloch pulse MAS NMR techniques the anchoring of (short) dimethylsiloxane chains to the surface of the fumed silica was studied with the explicit aim to investigate whetheror not larger, moreor less mobile chains are present at the surface of the silylated Cab-0-Sil.
Experimental

Materials
The Cab-0-Sil M5 (Cabot Corp., Tuscola, 111, USA) was a gift from Heybroek & Co's Handelsmij. N.V., Amsterdam, NL. The specific surface area of grade M5 is, according to the manufacturer, 200 k 25 m2/g. A value of 200 m2/g was used in this work. 1,3-Diphenyl-l,1,3,3-tetramethyIdisilazane was obtained from Ffuka A.G., 9470 Buchs, Switzerland (purum) and the polydimethyl siloxane, OV-101, was obtained from Ohio Valley Specialty Chem. Co., Ohio, USA. Other chemicals and solvents used were all analytical grade from E. Merck, Darmstadt, FRG.
Pretreatment of the Cab-0-Sil
The Cab-0-Sil M5 was ignited at 720°C, and rehydrated as described before [6] . Part of the Cab-0-Sil wasdriedfurther over P2O5 in a vacuum desiccator for several weeks. Part of Table 1 Cab-0-Sil samples. Experimental conditions, weight % carbon.
the Cab-0-Sit was conditioned in airwith 84% relative humidity over a saturated solution of KBr. This Cab-0-31 batch contained 5.5% (w/w) water. This equals 15.3 pmol/m2.
Silylation of Cab-0-Sil
DPTMDS
About 0.4 g of Cab-0-Sil was placed in a quartz glass reaction ampoule (length 20 cm, i.d. 1 cm, wall thickness 1 mm). A constriction was drawn in the middle of the tube and the required amount of reagent was added with a syringe. The tube was evacuated twice (because the volatility of the deactivation reagens, the ampoule was meanwhile cooled in dry ice) and filled with nitrogen to atmospheric pressure. After the final evacuation the ampoule was sealed to a volume of about 8 ml.
The amount of silylation reagent was calculated according to the densest attainable surface concentration of trimethylsiloxy groups formed on hydrated silica by Stober [ l l ] : 4.7 pmol/m2. Therefore, 0.47 mmol DPTMDS for the stoichiometric reaction and 4.7 mmol DPTMDS for the excess reaction were added per gram dry Cab-0-Sil.
For the humid Cab-0-Sil batch these amounts were calculated to be 2.0 mmol DPTMDS for the stoichiometric reaction and 6.23 mmol DPTMDS for the excess reaction, assuming that 2 mol H20 reacts with 1 mol DPTMDS.
PDMS
Cab-0-Sil was coated with 1.96 g OV-101 per gram, which corresponds to a layer of 10 nm. The OV-1 01 was dissolved in pentane and the corresponding amount of Cab-0-Sil was added. The pentane was evaporated under reduced pressure in a rotary evaporator. The resulting coated Cab-0-Sil was dried in a vacuum desiccator over P2O5 for several weeks. About 0.4 g of the coated Cab-0-Sil sample was placed in quartz glass reaction ampoules and vacuum sealed as described for DPTMDS. After sealing the ampoules were wrapped in aluminum foil, placed in a well ventilated oven and heated to the required temperatures for 16 h. After reaction the ampoules were opened and the contents washed twice with toluene and twice with pentane. The Cab-0-Sil samples were then dried overnight in a vacuum oven at 1 10°C. Table 1 lists the silylated Cab-0-Sil samples.
Elemental Carbon Analysis
The carbon content of the silylated Cab-0-Sil was obtained with a Perkin ElmerAnalyzermodel240(Perkin ElmerCorp., Avondale, CT, USA). Tungsten oxide was added to the deactivated silica as a catalyst.
NMR Measurements
The 29Si and 13Csolid state NMR spectra were obtained on a Bruker CXP 300 spectrometer at 59.63 MHz and at 75.48 MHz respectively. The samples were spun at ca. 3.5 kHz using aluminum oxide rotors of the standard Bruker double bearing type.
In cross-polarization experiments variable contacts were used with contact times of 1,2,4, and 8 ms for 29Si and 1 ms for 13C spectra. Acquisition times of 10 ms (29Si) and 29 ms (1%) and pulse interval times of 1 s and 2 s respectively, were applied. Typically, 12,000 fid's (29Si) and 3,000 fid's (13C) were accumulated in 1Kdata points, zero-filled to 8K prior to Fourier transformation. The spectral width was 20 kHz. Line broadening used is 20 Hz prior to zero filling and Fourier transformation.
Results and Discussion
Earlier Work
Earlier, models for silica deactivation by means of polysiloxane degradation and by reaction with, e.g., D4 (octamethylcyclotetrasiloxane), HMDS, TPSA, and DPTMDS have been studied on Cab-0-Sil and with GC in our laboratory [6-81. All chemical shifts were assigned before. The chemical shifts most relevant to this paper are collected in Table 2 . The corresponding cyclosiloxanes at the surface are presented in Figure 2 .
Unfortunately the CPMAS NMR technique does not distinguish between cyclosiloxane structures with four or five units. From polysiloxane degradation experiments at temperatures between 4OOOC and 50O0C, as published before [7] , it can be concluded, largely on 29Si NMR chemical shift arguments and on cross polarization behavior, that rather small fragments of polydimethyldisiloxysilanes are formed at the surface. However, no terminal groups were detected and only a relatively small, narrow signal in the dimethyldisiloxysilane region near -22 ppm was noticed, assigned on the basis of chemical shift arguments to longer, mobile polydimethylsiloxanes.
DPTMDS Silylation
Samples 1-4 (Table 1) were prepared with DPTMDS at 377OC and 29Si CP-MAS NMR spectra were recorded, contact time 4 ms. From the 29Si NMR spectra (Figure 3 ) it can be concluded that a variety of silylation products is formed Table 2 Siloxane/silane functionality, notation and typical 29Si chemical shift. at the silica surface with chemical shifts between +2 and -18 ppm from TMS. For sample 4 also a discernable signal at -88 ppm, assigned to aminotrisiloxysilane [8] , is detected. This illustrates a large difference in product distribution influenced by reaction conditions similar to those used for DPTMDS deactivation of capillary columns. The primary coupling product of DPTMDS, phenyldimethylsiloxysilane (MIP, +2 ppm) is found for all four samples, although the relative amounts vary. The other silylation products in the region between -4 and -18 ppm are mainly assigned to bifunctional dimethyldisiloxysilanes as listed in Table 2 .
Wthastoichiometricamount of DPTMDS(samp1es 1 and3) relatively large amounts of D2' cyclotetrasiloxane and possibly larger siloxane ring systems are formed. When an excess of DPTMDS is added (samples 2 and 4) instead of these Dzr cyclosiloxane structures, substantial amounts of D2 cyclotrisiloxanes are formed, especially in the presence of water. An explanation of this phenomenon could be that the silylation of the surface starts with covering the silica with the primary coupling product phenyldimethylsiloxysilane. The primary phenyldimethylsiloxysilanes at the silica surface will than presumably react further with the remaining neighbouring silanol groups with formation of dimethyldisiloxysilanes (D2 cyclotrisiloxane) and evolution of benzene. This reaction is promoted by the presence of water at the surface (sample 4).
An alternative reaction occurs between two neighboring phenyldimethylsiloxysilanes resulting in a shared siloxane bridge (D2' cyclotetrasiloxane). The latter reaction predominates, when a stoichiometric ratio of DPTMDS is used for deactivation at 377OC.
The loss of the phenyl group is confirmed by 13C CPMAS NMR (Figure 4 ) and elemental carbon analysis (Table 1) .
Presumably, steric hindrance caused by a high concentration of primary attached phenyldimethylsiloxysilanes partly prevents formation of larger cyclosiloxane systems. aminotrisiloxysilane groups formed at the fused silica surface. This amino group, however, adds an extra activity to the surface and decreases the deactivation.
Variation of the contact times, for sample 4 ( Figure 5 ) shows that none of the signals near -1 6 ppm is enhanced upon increasing contact time, only thesignal at lowest field, assigned to phenyldimethylsiloxysilanes shows this effect, in line with the known tendency of trialkylsilyl groups (alkyl 5 ethyl). The growth of the quaternary signal at -1 10 ppm here is due to indirect crosspolarization via protons at least four bonds away [12] , not to larger mobilities. The sharp signal at -22 ppm, characteristic of dimethydisiloxysilane chains anchored at the Cab-0-Sil surface is missing. It can be concluded that no mobile dimethyldisiloxysilanes are formed at the surface of the Cab-0-Sil. Dimethylhydroxysiloxysilanes (D,) are probably present at the surface of all four samples, but no longer chains are formed even in the presence of water and large amounts of reagents added. This contradicts the reaction scheme proposed by Reiher (see Figure 1 ).
PDMS Silylation
Samples 6-9 (Table 1) with OV 101 and dried at 11 0°C in vacuum (sample 5), were recorded with a contact time Of 4 ms ( Figure 6 ). In the 29Si NMR spectra one sharp signal at -22 ppm occurs. This signal, as mentioned before, is assigned to polydimethylsiloxane (DZ", Table 2 ). The signal at -1 8 to -20 ppm, which increases with increasing reaction temperatures up to 38OoC, corresponds to the formation of degradation products of polydimethylsiloxane chains, existing of dimethyldisiloxysilanes surface paired (or D2' cyclotetrasiloxane) and larger, anchored dimethylsiloxane ring structures.
At temperatures between 300 and 340°C, practically no chain degradation is found. Decreasingly less polydimethylsiioxanes are found after silylation between 380 and 420°C. However, there is no indication that D2 cyclotrisiloxanes or dimethylhydroxysiloxysilane end groups are formed. The loss of larger dimethylsiloxane chains is confirmed by elemental carbon analysis (Table 1) .
A difference in the maximum for D2' cyclosiloxane structures is recorded between PDMS and DPTMDS silylation.
The maximum for the CPMAS NMR signal representing D2'
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cyclosiloxane after PDMS deactivation is situated 3 ppm upfield from D2' cyclosiloxane products after DPTMDS deactivation. This shift in maximum could be explained by deshielding (change of *%i NMR signal position towards lower field) of dimethyldisiloxysilanes in larger ring structures (up to five or six units) or can be caused by the first units of the polydimethylsiloxane chains close to the surface. These anchored units do not possess the high mobility of a liquid as polymer chain dimethylsiloxane units, while their NMR shielding is still influenced by the chemical bonding at the surface.
Variation of contact times clearly indicates that thesignal at -22 ppm belongs to rather mobile silane groups (in the lo4 Hz range), in contrast to other signals in the same region ( Figure 7) . This is in complete agreement with the earlier assignments of this signal (see above). The average mobility of the D2" moieties at the surface of sample 9 is reduced compared to sample 6. This is shown by the signal at -22 ppm, which is less influenced by spectrometric contact time variation. The spectrum of sample 5 ( Figure 6 ) indicates that practically no surface bonding has taken place at 1 10°C, under vacuum. The corresponding 29Si NMR signal could hardly be obtained by crosspolarization but was relatively easy to excite by conventional pulse methods (Figure a) , as usual in measuring NMR spectra for very mobile groups. By pulse excitation it is shown that at 42OOC less than 5 percent of the original polydimethylsiloxanes are left at the surface.
At increasing temperatures the signals of hydroxysiloxane (Q3) and dihydroxysiloxane (a,) are decreasing rapidly ( Figure 5 ) and so is the silanol activity of the surface. The silanol groups left will be covered with anchored polydimethylsiloxane chains, and small cyclosiloxane loops. From this it can be concluded that PDMS degradation at an optimal temperature gives an effective diminution of the silanol activity and adds no extra activity to the surface.
